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PRECIPITATION OF THORIUM AS THORIUM HYDRIDE FROM 
THORIUM-MAGNESIUM SOLUTIONS* 
Paul F. Woerner and P. Chiotti 
ABSTRACT 
The precipitation of thorium as thorium dihydride from 
thorium-magnesium solutions has been investigated over the 
temperature range of 665° to 810°0. It has been shown that 
thorium can be precipitated as thorium dihydride by equili-
~rating the thorium-magnesium solutions (containing 35 to 
42 wt. % Th) with hydrogen gas at one atmosphere pressure. 
The concentration of thorium in the liquid phase for the 
reactions carried out at one atmosphere hydrogen pressure 
over the specified temperature range is given by the fol-
lowing relation 
log10 NTh = -4609T± 209 + 2.824 ± 0.208, 
where ~Th represents the mole fraction of thorium in the 
liquid phase. The above equation was determined by a least 
squares treatment of the experimental data, and the limits 
in the equation represent the probable error for the con-
stants. It can be seen that the concentration of thorium 
* This report is based on an M. S. Thesis by Paul F. 
Woerner submitted August, 1957, to Iowa State College, 
Ames, Iowa. This work was done under contract with the 
' Atomic Energy Commission. 
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remaining in the liquid phase at equilibrium decreases as 
the reaction temperature is lowered. ,The concentration of 
thorium in the liquid, calculated from the above expression, 
is 25.03 wt. %at 800°C and 8 .11 wt. % at 675°C . 
The following analytical expressions have been determined 
for the activity coefficient of thorium in liquid magnesium 
at the equilibrium concentrations. 
l v s = -3091 + 3.835 oglO 0 Th T 
L - -4~91 + 4.336 
Th 
EquationA represents the activity coefficient of thorium 
(A ) 
(B) 
relative to solid thorium and equation B represents the ac-
tivity coefficient of thorium relative to liquid thorium. 
The activity coefficient of thorium in the solution relative 
to solid thorium as calculated from equa tion A is 3 . 06 at 
650°C and 9 . 00 at 800 °C, whereas the activity coefficient of 
thorium in solution relative to liquid thorium as calculated 
from equation B is 0.80 at 650 °C and 3.33 at 8oo q~. It is 
apparent from these values that these solutions are not 
ideal. 
Although complete precipitation of the thorium from the 
liquid solution was not realized, it is fel t that a reaction 
of thi s nature might be employed as a method for purifying 
crude thorium. 
I. INTRODUCTION 
Gas-liquid metal reactions as a method of refining liq-
uid metals have been employed by the metal industry for some 
years. In these purification processes the more reactive 
impurities are preferentially oxidized by the gas employed 
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to form either volatile or insoluble compounds which can be 
removed from the molten metal. A good example of such a 
process is the purification of pig iron in a Bessemer con-
verter wherein air is blown through the molten iron and the 
excess carbon is removed as carbon monoXide or dioxide, 'iihile 
other nonvolatile oxides such as Si02 collect as a slag on 
top of the molten iron. Other refining methods involving 
oxygen-liquid metal reactions have also been investigated and 
have been used extensively for refining metals. In all of 
these reactions the oxygen gas, which is bubbled through the 
melt, preferentially reacts with the more active impurities 
in the melt. These usually form insoluble stable oxides 
which can be removed from the melt by dressing or slagging. 
Reactions involving the formation of metallic chlorides 
by the action of gaseous chlorine with liquid metals have 
also received considerable attentione Since many chlorides 
are low-melting, volatile, and can be readily formed from the 
oxide, they are well suited for such processes. A typical re-
action involving chlorine gas is used in the Betterton proc-
ess (1). In this process gaseous chlorine is bubbled into 
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a molten lead-zinc solution. The gas preferentially reacts 
with the zinc to form zinc chloride whi.ch floats to the sur-
face where it is drossed off. This procedure is very ef-
fective in removing zinc from lead. 
Little work has been done in the metal refining industry 
with gas-liquid metal reactions involving hydrogen gas. Al-
though considerable investigation has been carried out per-
taining to the formation of hydrides and their properties, 
they have not been widely employed in the refining of metals. 
In general,the binary compounds of hydrogen may be clas-
sified or divided into three Pfincipal categories according 
to differences in their struct~res, physical properties and 
I 
chemical behavior (2). These divisions include the ionic 
hydrides, covalent hydrides, arid trans i tiona! metal hydrides. 
I 
A fourth class in addition to the three major divisions may 
I 
be designated as the borderline: hydrides, which exhibit inter-
mediate properties between the major divisions. The ionic 
hydrides are salt-like compound's in which hydrogen is con-
sidered to be present as the negatively charged hydride ion. 
The alkali and alkaline-earth metals, which are strongly 
positive element~ belong, to this group. The metals in this 
group, with the exception of beryllium and magnesium, combine 
directly with hydrogen to form their hydrides. The hydrides 
in this group possess high melting points, high heats of 
formation and a high degree of thermal stability. The co-
5 
valent hydrides are formed by the elements found in Groups 
IIIB, IVB, VB, VIB, and VIIS of the Periodic Table. Com-
pounds j_n this group can be distinguished physically from 
the other types of hydrides in that they are volatile sub-
stances, and generally are gases or liquids under normal 
conditions. These exhibi-t nonpolar bonding of the electron-
sharing type and in general have low melting and low boiling 
points, and small heats of formation. The transition hy-
drides include the transition metals and the remaining 
metals. The majority of the hydrides formed in this class 
are prepared by direct union with hydrogen gas. In this class 
both endothermic and exothermic heats of formation are found; 
however, in general the reactions of the elements in Groups 
IIIA and IVA are very exothermic. There is no clear division 
of the compounds formed in this class. Metals in this class 
can absorb large amounts of hydrogen without suffering a 
change in their physical appearance. They are also capable 
of forming interstitial compounds with hydrogen. The formu-
las for these compounds are, for most cases, indefinite and 
do not correspond to even stoichiometric formulas. 
The purpose of the present investigation was to study 
the precipitation or thorium as the hydride from Th-Mg solu-
tions, arid to establish some of the thermodynamic properties 
of these solutions. A review of the reactions of thorium 
and magnesium with hydrogen indicated that a separation by 
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means of a gas-liquid metal reaction was feasible. The 
hydrides of thorium may be classified as the transition metal 
hydrides. Thorium reacts with hydrogen gas to form two com-
: 
pounds, one with the formula ThH2 , which is body-centered 
tetragonal and has a density of' 9.20 g/cm3 (3), and a higher 
hydri~e Th4H15, which is cubic with a density of 8.33 g/cm3 
(4). Both of the hydrides are solids at ordinary tempera-
tures and are pyrophoric in nature,being capable of igniting 
spontaneously when exposed to air. Preparation of these 
hydrides is rather simple and is described in detail by 
Chiotti and Rogers (5) and Wilhelm and Chiotti (6). Massive 
metal can be converted to the hydride simply by heating clean 
metal in the presence of hydrogen gas. The dihydride, ThH2, 
is readily formed at 600° to 650°C at one atmosphere hydrogen 
pressure. During this step the metal swells but does not 
break up. · The higher hydride, Th4H15, is readily formed at 
250° to 325°C at one atmosphere hydrogen pressure. The high-
er hydride upon formation breaks up into a coarse powder. 
Nottorf (7), who ha·s studied the dissociation of these hy-
drides, gives for the dissociation pressure of a system con-
sisting of equal amounts of ThH2 and thorium~the relation 
where P is in millimeters of mercury pressure and T is in 
°K. The dissociation pressure for ~n equimolar mixture of 
ThH2 and Th4H15 is given by the relation 
From these expressions it is found that at one atmosphere 
ThH2 decomposes at 883°C, and Th4H15 decomposes near 500°C. 
Magnesium does not form a hydride by direct combination 
with hydrogen gas unless submitted to very high pressures. 
It was reported by Morrison et ~,(8), that MgH2 can be 
formed if 70,to 80-mesh magnesium metal is heated at 4o0°C 
for 24 hours at 110 atmospheres of hydrogen pressure. Carr 
(9) reported that MgH2 did not form when finely divided mag-
nesium was reacted with hydrogen gas at one atmosphere, even 
under a magnesium arc discharge, with or without the use of 
a catalyst. 
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A partial diagram for the binary magnesium-thorium sys-
tem (0 to 70 wt. % thori~) as published by Yamamoto ~ ~· 
(10) is shown in Figure 1. The diagram includes a eutectic 
at 42 wt. % thorium which melts at 582°C. A compound Mg 5Th, 
(65 wt. % thorium) decomposes perttectically at about 772°C. 
The exact composition of this phase is somewhat uncertain. 
The solid solubility of thorium .in magnesium is 4.5 wt. % 
thorium at the eutectic temperature, and it decreases to less 
than 1 wt. % at 300°C. Unpublished work by Peterson (11) on 
the thorium-magnesium binary sy~tem indicates similar results. 
The latter investigator indicated that there was very little, 
8 
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Figure 1. Partial diagram of the magnesium-thorium system 
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if any, solid solubility of magnesium in thorium, and in ' 
addition to Mg5Th observed another intermediate phase at about 
83 wt. % thorium. studies conducted in this investigation by 
the author were primarily confined to liquid solutions con-
taining 35 to 42 wt. % thorium. Since thorium readily forms 
a hydride with hydrogen gas, whereas magnesium does not, the 
precipitation of thorium as the dihydride from a thorium-
magnesium solution seemed feasible. 
This reaction might be employed in processing materials 
from nuclear reactors. Thorium has been proposed as a blanket 
material for nuclear power reactors. The uranium-233 pro-
duced in the thorium as a result of neutron capture can be 
separated by extracting the thorium with magnesium (12). 
The uranium is only slightly soluble in magnesium solutions 
containing up to 35 wt. % thorium. The reaction of hydrogen 
with magnesium-thorium solutions is of interest as a means 
of separating the thorium from these solutions. Once the 
thorium is separated as the hydride it may be converted to 
the free metallic state by heating the hydride under reduced 
pressure. The above reactions might also be employed to 
produce high purity thorium. Many impurities normally present 
in thorium, such as the oxide, carbide, and possibly the 
nitride as well as some of the metallic impurities, are insol-
uble in the thorium-magnesium solutions. Consequently_, crude 
or impure thorium might be purified by dissolving the metal 
10 
in magnesium, decanting the liquid, and then precipitating 
the thorium as the hydride. The hydride could then be sep-
arated from the magnesium and converted to the metal. 
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II. APPARATUS 
A schematic diagram of the apparatus used in this in-
vestigation is shown in Figure 2. A detailed drawing of the 
reaction chamber is shown in Figure 3· Figure 4 shows an 
actual picture of the apparatus without the vacuum system. 
The reaction chamber was constructed of standard 4-inch Sched-
ule 40 seamless low carbon steel pipe. This was sleeved with 
1/8-inch 304 stainless steel tubing to protect the carbon 
steel from oxidizing at high temperatures. A water cooled 
brass flange was welded to the top end of the reaction cham-
ber. The charge was contained in a Mg0-15% MgF2 crucible. 
This in turn was sleeved with a graphite crucible to protect 
the inside of the steel reaction chamber from contact with 
the melt in case the refractory crucible developed a leak. 
Two sight glasses, an outlet to a mercury manometer, a 
sampling tube and a vacuum couple for the stirring rod, as 
shown in Figure 3, were attached to the top brass cover 
platee A vacuum seal was maintained between the two brass 
plates by means of a rubber 110" ring. The sampling chamber 
was constructed of one-inch copper tubing which was silver 
brazed to the top brass cover plate. ~he sampling device 
was designed ~ith a 314-inch ball vacuum seal valve. This 
arrangement permitted samples to be taken by lowering a small 
refractory crucible down through the ball valve into the 
molten solution. The sampling chamber could be independently 
Figure 2 • . Schematic diagram of system 
1. lt-inch globe valve 8. Fiber glass packing 
2. Thermocouple gauge 9. Hose cock 
3· Ionization gauge 10. 314-inch ball vacuum valve 
4. Toggle valve 11. Vacuum couples 
'· 
Red cap vacuum valve 12. Mercury manometer 
6. Gas purification train 13. Cooling coils 
7· Uranium chips 
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Figure 3· Reaction chamber and sampling device 
1. Sampling rod and holqer 
2. Vacuum seals 
3· Sampling chamber 
4. Toggle valve 
5. Cenco vacuum couplings 
6. 3/4-inch ball vacuum valve 
7• Sight glasses 
8. Hose cock 
9. Thermocouple gauge 
10. To manometer 
.11. Carbon steel with stainless steel jacket 
12. Graphite liner 
13. MgO - 15% MgF2 crucible 
14. MgO - 15% MgF2 stirrer 
15. To auxiliary vacuum pump 
16. Gas inlet 
1?. Stirring rod to motor 
18. To vacuum system 
19. Cooling coils 
20. Reaction chamber 
21. Rubber 11 011 ring 
15 
16 
Figure 4. Stirring apparatus 
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evacuated and filled with inert gas and samples could be 
taken without exposing either the melt or the samples to 
atmospheric gases. The apparatus was equipped with a stir-
ring paddle which was driven by a gear reduced motor at 86 
rpm. The stirring paddle was fabricated from refractory 
material of the same composition as the crucible. The paddle 
consisted of a rectangular slab of refractory material which 
was 7 inches long, It inches Wide, and 314 inch thick. This 
was attached to a 3/8~inch drill rod by a metal housing. 
Only the refractory portion of the stirrer came in contact 
with the liquid metal. 
I 
A vacuum system, as shownl in Figure 2, was attached to 
the reaction chamber. A purif. cation train was connected in 
i 
parallel with the vacuum syste~. The purification train con-
' i
sisted of a one-inch stainless :steel tube packed with uranium 
I 
I 
turnings. The purification train was situated so that it 
could be evacuated independently. By closing the two valves 
5, as shown in Figure 2, the purification train could be 
isolated from the rest of the system. 
A 5-inch Kanthal wound resistance furnace was used to 
heat the reaction chamber. Temperatures were controlled and 
recorded to z 5°C by a Brown Recorder. The temperatures re-
corded by the recorder were always checked with a potenti-
ometer. The thermocouple was located on the outside at the 
bottom of the reaction chamber. 
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III. EXPERIMENTAL 
A. Haterials 
The thorium used in this investigation was Ames produc-
tion thorium. Production analysis indicated that the metal 
contained less than 0.01 wt. % of each of the following im-
purities: nitrogen, zinc, cadmium, manganese, boron, mag-
nesium, silicon, beryllium, aluminum, calcium and iron. Car-
/ bon was also present in the metal with amounts up to 0.08 
wt. fo. The magnesium metal used was commercially pure Dow 
magnesium rods. Spectrographic analysis of the metal indi-
cated only trace amounts of aluminum, beryllium, calcium, 
copper, silicon, and tin. Quantitative analysis indicated 
that 0.031 wt. % iron was present. 
The helium gas used was 99-99% pure, the principal im-
purities being hydrogen and nitrogen. Hydrogen gas prior to 
its purification was 99.8% pure with moisture being the major 
impurity. 
The magnesium oxide used to fabricate the crucibles and 
the stirring paddle contained, according to the manufactur-
er's specifications, the following impurities: 0.02 wt. % 
. 
Sio2 , 0.12 wt. % Fe2o3, 0.25 wt. % Al2o3 and 0.0015 wt. % B. 
Reagent grade magnesium fluoride was mixed with the magnesi-
um oxide and the crucible was fired at 1900°C. This pro-
duced an impervious crucible which was capable of containing 
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the liquid metals. The refractory crucibles used to contain 
the melt and the stirring paddle were fabricated at this 
La bora tory. 
B. Experimental Procedure 
The extent to which thorium can be precipitated from the 
thorium-magnesium solutions as the dihydride was determined 
by reacting purified hydrogen gas at one atmosphere pressure . 
with the liquid metal solutions. The reaction was also stud-
ied by equilibrating liquid magnesium with preformed thorium 
dihydride at one atmosphere hydrogen pressure. These reac-
tions were investigated over the temperature range of 665° 
to 810°C. 
The hydrogen gas when brought in contact with the molten 
thorium-magnesium solution preferentially reacted with the 
thorium from the solution to form the dihydride, a solid, 
which was precipitated from the solution. The liquid metal 
was stirred in order to continually expose new surface areas 
of the liquid to the hydrogen gas and to facilitate the at-
tainment of equilibrium. The actual concentration of the 
thorium in the liquid phase, which was in equilibrium with 
the precipitated hydride,was determined by dipping a sample 
of the liquid phase at temperature. A similar procedure was 
employed for reactions in which the preformed hydride was 
equilibrated with molten magnesium at one atmosphere hydrogen 
20 
pressure. Results obtained by either procedure should be 
in agreement if equilibrium is attained. 
It is essential that the metals be adequately cleaned 
prior to melting and to insure that they do not become con-
taminated with surface oxide films upon heating to their 
melting point. Care was exercised to degrease and clean the 
metal reaction chamber before assembling. The instde of the 
metal reaction chamber was cleaned by mechanical abrasion. 
The refractory crucibles and the metal reaction chamber were 
thoroughly outgassed at elevated temperatures before making 
a run. The thorium and magnesium metal were cleaned and 
etched prior to melting. The surface oxide was removed from 
the magnesium rods by machining. The rods were then de-
greased in trichlorethylene and etched in dilute nitric acid. 
The thorium was etched in a solution of nitric acid and sodium 
fluosilicate. The ·cleaned components (1,000 to 1,500 grams) 
were placed in the MgO-MgF2 crucible in the reaction chamber 
and the system was evacuated to less than one-tenth of a 
micron mercury pressure. The system was flushed several 
times with purified helium gas and heated to 750°C under a 
helium atmosphere. After all of the magnesium had completely 
melted, the refractory stirrer was lowered into the melt, 
and the melt was stirred from three to five hours to obtain 
a homogeneous solution. 
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The apparatus was constructed so that a sample of the 
bath could be taken at temperature without exposing the melt 
to atmospheric gases. A small magnesia crucible~ inches 
long with 1/2 inch outside diameter) was held in a tantalum 
holder, which was attached to a 1/4-inch diameter steel rod. 
The steel rod could be moved up and down through a removable 
non ring vacuum seal. The crucible assembly was placed in 
the sampling chamber above the ball valve and the vacuum 
coupling screwed tight. The sampling chamber was evacuated 
independently by the auxiliary ·mechanical pump shown in Figure 
4. After the chamber was evacuated the valve in the vacuum 
line to the mechanical pump was closed, thereby isolating 
the sampling chamber from the rest of the system. The sam-
pling chamber was then filled with purified gas by opening 
the hose cock 9 shown in Figure 2. The ball valve was then 
opened and the crucible was lowered to the surface of the 
liquid metal. It was left in this position for approximately 
5 minutes to allow the crucible to reach the temperature of 
the surroundings before it was lowered into the melt. Care 
was taken not to stir the melt as the sample was taken. 
After the crucible was filled with liquid metal it was drawn 
up into {the water cooled sampling chamber. Here the sample 
was allowed to solidify and cool under the same atmosphere 
I 
which prevailed over the bath. The ball valve was closed as 
soon as the sample was pulled up into the sampling chamber. 
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After the sample had cooled to room temperature it was removed 
from the sampling chamber by unscrewing the vacuum seals 2, 
showed in Figure 3· The sampling chamber was then reassembled 
for the next sample. Samples were taken on heating and cool-
ing over the temperature range which was investigated. These 
samples were then analyzed for thorium. 
A similar procedure \<Tas employed in studying the reaction 
of thorium dihydride with pure liquid magnesium. The same 
precautions were taken to clean and etch the metals as pre-
viously described. Cleaned massive thorium metal or thorium 
chips were placed in the MgO-MgF2 crucible. The system was 
then evacuated and flushed with hydrogen gas prior to heating. 
The thorium was converted to the hydride by heating the metal 
/ 
to i\650°C under an atmosphere of hydrogen pressure. The hy-
dride reaction takes place very rapidly and after no further 
reaction was noted, magnesium metal in the form of rods was 
added to the preformed hydride. Magnesium rods 6 inches long 
and 1/2 inch in diameter were added to the hydride by drop-
ping them through the ball valve. The rods were introduced 
into the sampling chamber in the same manner as the sampling 
crucible. However, in this case a modified vacuum couple 
was used on top of the sampling tube so that the sampling 
chamber could be independently evacuated as previously de-
scribed. After the magnesium was molten the stirring paddle 
was lowered into the melt and the metal solution was stirred. 
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The same procedure of stirring, settling, and samplingthe 
bath as previously described was employed for these .reactions. 
C. Chemical Analysis 
The cylindrical dipped samples were prepared for chemical 
analysis by removing the exterior surface in a lathe. The 
machined samples were cut length-wise with a carborundum cut-
off wheel into two equal segm~nts. One segment was used in 
the analytical determination for thorium, whereas the other 
I 
' 
segment was polished and microscopically examined to deter-
mine the homogeneity of the sample. In some cases the re-
fractory crucible which was diJped into the bath was not com-
pletely filled with metal and J ~ small sample was obtained. 
I 
The surface oxide on these samp~es was removed as previously 
I 
stated. Instead of cutting thei sample length-wise, the 
I 
! 
entire sample was submitted for i analysis after it had been 
\ 
polished and examined microscopically. 
I 
The analytical method used ' in the determination of tho-
! 
' rium was developed by Willard and Gordon (13). In this method 
the thorium was homogeneously precipitated as thorium oxalate. 
A sample containing about 100 mg . of thorium was used. The 
sample was dissolved in concentrated nitric acid to which a 
small amount of fluosilicic acid was added to facilitate the 
dissolution of the ~ample. The thorium in the solution was 
precipitated as the oxalate upon the addition of methyl 
24 
oxalate and a hot solution of oxalic acid. The solution was 
cooled to room temperature and filtered. The precipitate 
was thoroughly washed, dried and ignited at l,000°C to 
thorium dioxide. The thoria was weighed as such and the 
% thorium calculated. Thorium, as analyzed by this method, 
yielded results with an accuracy of about 2 parts per 
thousand. 
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IV. EXPERIMENTAL RESULTS 
Analytical results are summarized in Tables 1 and 2. 
Table 1, lists the results obtained when the thorium-
magnesium solution was equilibrated with hydrogen at one at-
mosphere pressure, and Table 2 lists the data obtained from 
runs in which magnesium was equilibrated with preformed hy-
dride at one atmosphere hydrogen pressure. Samples were 
taken on heating and on cooling over the temperature range 
of 665° to 810°C. The samples listed in the tables desig-
nated with the superscript "a" wer~ taken on cooling. In 
all the runs the solution was stirred and allowed to settle 
prior to sampling at a given temperature setting. The re-
spective stirring and settling times for the samples at a 
given temperature are listed in the tables. The time inter-
vals listed in the tables represent intervals of time at 
temperature for each sample and not cumulative periods of 
time. 
The precipitated phase obtained by reacting the Th-Mg 
solution with hydrogen gas was identified by x-ray powder 
diffraction patterns to be ThH2• A section, which was eut 
from the bottom of a charge, was leached with a dilute solu-
tion of nitric acid to remove the thorium-magnesium solution 
matrix from the hydride. A blac~ powdered precipitate re-
mained, which was separated from the solution by filtering. 
The powder was .washed with distilled water and dried. The 
26 
Table 1. Analytical results for samples dipped from a Th-Mg 
solution equilibrated with one atmosphere hydrogen 
gas 
Temperature · ·stirring - ·settling · Wt~ % ... ·Mole ·Fraction · 
. 104 
Time Time Thorium Thorium 
oc OK Hours Hours 
T 
. - .. . . . ~ ~ . 
. . '· . . . . . ~ . . . . . . . . . . . .. . .. .. - ·-3 . 
675 10.55 6 i 8.05 9.09 X 10 
675 10.55 3 7 8.38a 9.50 x 1o-3 
675 10.55 1 4 7.45 8.44 x lo-3 
715 10.12 lt 3 14.95 1.76 X 10-2 
715 10.12 4 1 13.25a 1.58 x 10-2 
750 9·78 2 314 2 13.74a 1.64 X 10-2 
755 9·73 4 6 15.91 1.95 X 10-2 
755 9·73 5 t 17.078 2.11 X 10 -2 
---
773 9.56 3t 3 20.79 2.67 X 10-2 
773 9.56 4 20.00a 2.55 X 10-2 
800 9·32 2t 8 21.62 2.80 X 10-2 
aSamples taken on cooling 
dried powder was pyrophoric and could be easily ignited. 
An x-ray powder diffraction pat~ern was taken with a Debye-
Scherrer x-ray camera. The observed "d11 spacings obtained 
from indexing the powder pattern and the calculated '"d'' spac-
ings for some (hkl) reflections are listed in Table 3· The 
calculated ttdn spacings were determined for a body-centered 
I 
' \ ; 
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Table 2. Analytical results for samples dipped from a solu-
tion in which magnesium was equilibrated with ThH2 
at one atmosphere hydrogen pressure 
TerilJ>erature - ·stirring · · ·settling wt~ %. · · Mole ·Fraction · 
104 Time Time Thorium Thorium oc 
- °K Hours Hours 
-T . 
. "' . . . . . . ~ . . . . ,. . . . . . . . ~ ~ . . ,. . . . ·' . . . 6~968 . . . . . . . . . . . . '3 ·.· ' . . . 66? 10.65 lt t ?e69 X 10-
675 10.55 3 1 7-72 8.70 x ro-3 
68? 10.40 It 1 9-13 1.04 X 10-2 
?03 10.26 1 3 10.03 1.15 x ro-2' 
?03 10.26 t t 10.9?8 1.28 X 10-2 
?32 9·96 1 It 14.0?8 1.69 x ro-2 
?58 9·?0 t t 1?.54 2.16 x ro-2 
?6? 9.62 1 t 21.?5 2•83 X 10-2 
800 9·33 t t 26.24 3·59 x ro-2 
809 9.23 t t 2?.628 3.85 x ro-2 
. . . . . . . . . . • .. .. .. . . . . .. . . . .. . .. 
aSample takfPn on cooling 
tetragonal cell using the lattice constants of a = 4.10 + 
0 -
0 0 0.03 A and c0 = 5.03 z 0.03 A as reported by Rundle ~ !!· 
(3). It is apparent that the observed "'d" spacings are not 
exactly the same as the calculated "d" spacings. Since the 
powder was obtained from a charge which was furnaced cooled, 
the difference in the "d" spacings may possibly be explained 
on the basis that the composition of the hydride changed as 
Table 3. X-ray data for precipitated phase 
hkl . . ' .. . ' . . . - 'd -- - - . d - - ----
obs calc 
101 3·131 3·178 
100 2.857 2.899 
002 2.485 2.515 
200 2.018 2.050 
112 1.874 1.893 
211 1.699 1.723 
202 1.568 1.590 
103 1.534 1-552 
220 1.,+29 1.450 
301 1.301 1.319 
310 1.278 1.282 
004 1.238 1.257 
___ ....,_.,. 
. ' ' . ' .. 
the charge was cooled, thus causing a shift in the observed 
"d" spacing. Although some of the observed 11d 11 spacings 
could have be~n indexed as thorium oxide, the majority of 
the lines corresponded to the dihydride. Evidence sup-
porting this premise that the precipitated phase is near the 
composition of ThH2 can be derived from the fact that results 
obtained when the dihydride was equilibrated with liquid mag-
nesium at one atmosphere hydrogen pressure were in agreement 
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with results obtained from equilibrating the Th-Mg solutions 
with hydrogen at one atmosphere hydrogen pressure. 
A section of each dipped sample was polished, etched and 
examined microscopically. The general trend of the reaction 
can be qualitatively determined by examining the microstruc-
tures of the samples. Figures 5 to 8 illustrate typical 
microstructures of the samples dipped from the solution at 
different temperatures. Figure 5 represents a hypoeutectic 
structure, which was analyzed to contain 38.89 wt. % thorium. 
The light phases are primary dendrites of magnesium solid 
solution. No hydrogen gas had ibeen added to the melt prior 
to taking this sampl~. Figure 6 represents the microstruc-
ture of a sample dipped at 804°f after the bath had been 
stirred for 1/2 hour- and was al}owed . to settle for 1/4 hour. 
The sample contained 31.34 wt. % thorium. Figure 7 represents 
I 
i 
the microstructure of a sample containing 23.65 wt. % thori-
! 
um. The sample was dipped at 764°C. Figure 8 represents a 
sample containing 6.90 wt. % tho~ium. This sample was dipped 
at 677°C after the bath had been stirred for lt hours and 
was allowed to settle for 1/4 hour. As the thorium content 
decreases below the eutectic composition (42 wt. % Th) the 
amount of eutectic structure decreases. It is apparent from 
the photomicrographs that by decreasing the reaction temper-
ature, the concentration of the thorium in the liquid phase 
also decreases. This is consistent with the analytical re-
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Figure 5. (Upper left) 
Magnesium - 38.89 wt. % 
thorium alloy. Euctectic 
structure arid primary 
dendrites or magnesium 
solid solution. Mag-
nification 250 X. 
Reduced from a 4 x 5 
negative. 
Etched a 
Figure 7. (Lower left) 
A 23.65 wt. % thorium 
alloy dipped at 764°C 
from a Th-Mg solution 
equilibrated with one at-
mosphere hydrogen pres-
sure. Eutectic structure 
plus magnesium solid 
solution. Magnification 
250 X. Reduced from a 
4 x 5 negative. 
Etched a 
Figure 6. (Upper right) 
A 31.34 wt. % thorium 
alloy dipped at 804°C 
from a Th-Mg solution 
equilibrated with one 
atmosphere hydrogen 
pressure. Eutectic 
structure plus dendrites 
of magnesium solid solu• 
tion. Magnification 
250 X. Reduced from a 
4 x 5 negative. 
Etched8 
Figure 8. (Lower right) 
A 6.90 wt. % thorium 
alloy dipped at 667°C 
from a Th-Mg solution 
equilibrated with one 
atmosphere hydrogen 
pressure. Composed of 
eutectic and magnesium 
solid solution. Mag-
nification 250 X. Re-
duced from a 4 x 5 
negative. 
Etched8 
8 Etchant used consisted 
ethylene glycol 
ethyl alcohol 
cone. nitric acid 
of: 
70 parts 
20 parts 
10 parts 
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sults listed in Tables 1 and 2. A plot of log10NTh' where 
NTh represents the mole fraction of.thorium in the liquid 
phase, versus 1/T for the data tabulated in the tables is 
shown in Figure 9. A straight line is obtained, which can 
be expressed by the equation 
log N. = -46°9 i 209 + 2.824 i 0.208 (1) 10 Th T .... 
as determined by a least squares treatment. The limits in 
the equation represent the probable error for the constants. 
The lower limit at which the reaction can be carried out with 
the method used is 651°C, the melting point of magnesium. 
Below this temperature magnesium solid solution forms in the 
melt and it would be difficult to obtain a representative sam-
ple of the liquid phase in equilibrium with the precipitated 
hydride. 
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Figure 9. Mole fraction of thorium in the liquid phase as a function of temperature 
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V, . THERMODYNAMIC CALCULATIONS AND DISCUSSION 
The dissociation pressure, as reported by Nottorf (7), 
for the system consisting of equal amounts of ThH2 and solid 
thorium can be expressed by the relation 
-ZZQQ 54 loglO p = . -T . + 9 • (2) 
where P is in millimeters of mercury pressure and T in °K. 
Consequentl~for the reaction 
Th + ~ ---.\. ThH2 (3) 
(s) (g) (s) 
the standard free change can be expressed as AF0 = -RT ln K= 
RT ln PH or 
2 
(4) 
The reaction investigated in this research was the for-
mation of thorium dihydride from a thorium-magnesium solu-
tion. At equilibrium the reaction can be expressed as 
(Th,Mg) + H2 ~ ThH2 (5) 
(1) (g) (s) ' 
where (Th,Mg) represents a liquid solution of fixed thorium 
content. From the experimentally determined mole fraction 
of thorium in the liquid phase the activity coefficient for 
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thorium in the solution can be calculated at a given tempera-
ture ~nd composition. The activity coefficient of thorium 
can be calculated by using either solid or liquid thorium as 
the reference state. Reaction 5 can be obtained by adding 
the following equations: 
Th + H2 ~ ThH2 (6) 
(s) (g) (s) 
(Th,Hg) --4 Th (7) 
(1) ( s) 
• 
(Th,Hg) i- " H2 ·· ~ · 'ThH . .. 2 (8) 
(1) (g) I (s) 
The free energy change for reaction 8 can be expressed as 
A F 8 = AF6 + A F'7, where A F6 represents the standard free 
energy change for the formation of thorium dihydride from 
solid thorium, which can be expressed as ~F6 = RT ln PH2 • 
The free energy change for reaction 7 can be expressed as 
tl 'F7 = -RT ln't Th , such that the free energy change for the 
reverse of reaction 7 is the partial molar free energy of 
solution of solid thorium in a liquid Th-Mg solution, or it 
may be expressed as the free energy change which occurs when 
one gram-atom of solid thorium is dissolved in an infinitely 
large amount of Th-Mg solution of fixed composition. At 
equilibrium A F8 = 0 , therefore ~ F6 is equal to -AF'7 and 
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log10 PH = log10~Th • By substituting equation 2 for 
2 
log10 PH and by expressing the activity in terms of the 
2 
mole fraction and the activity coefficient, the following 
relation can be written 
Substituting the expression 1 for log10 NTh gives 
v s -3..921. 8 5 loglO o Th = -T - - + 3 • 3 • (10) 
Equation 10 represents an analytical expression whereby the 
activity coefficient of thorium relative to solid thorium can 
be calculated for the equilibrium mole fraction given by 
equation 1. Several values for the activity coefficient of 
thorium have been calculated from equation 10 and are listed 
in Table 4. 
The activity coefficient of thorium in the solution can 
also be calculated using liquid thorium as the reference 
state. In this case the free energy change for the formation 
of solid thorium dihydride from liquid thorium must be known. 
This can be obtained by adding the following reactions. 
Th + H2 ---7 ThH2 
(s) (g) (s) 
Th ~ Th ( 1) ·( s) 
. Th -+ -H2, ---7 - -ThH2 
(l) ' (g) (s) 
(11) 
(12) 
(13) 
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Table 4. Calculated activity coefficients of thorium in a 
(Thl'Ig) solution at a given temperature and composi-
tion using solid thorium and liquid thorium as the 
standard state 
Temperature Mole Fraction Activity Coefficient of Thoritim 
oc of Thorium y~h . '( s . Th 
650 6.77 X io~3 · 0.80 3.06 
675 9.16 X 10-3 1.05 3·75 
700 1.22 X 10-2 I· 1-35 4.55 
750 2.08 X 10-2: 2.17 6.50 
800 3·38 X 10-2 3·33 9.00 
I 
I 
. . . . ' . 
I 
The free energy change for rea~tion 11 was given by equation 
I 
4. Assuming that the differen9'9 in the heat capacity for 
solid and liquid tporium can b~ neglected~ the free energy 
I 
I 
change for reaction 12 can be e,xpressed as 
(14) 
where ~Hf is the heat of fusion and Tm is the melting point 
of thorium expressed in degrees Kelvin. The enthalpy of 
fusion for thorium at its normal melting point (1750°C) has 
been .estimated to be 4,600 cal/mol (14). Combining equa-
tions 11 and 14 the free energy change for reaction 13 can 
be expressed as 
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AF13 = -39,800 + 32.77 T • 
Combining the following equations , 
Th 
(1) 
(Th,Mg) (1) ---7Th (1) 
(Th ;Mg) . + H2 -~ "ThH2 . . 
(1) (g) (s) 
(13) 
(15) 
(16) 
the free energy change for the reaction in question, 16, can 
0 A-be written as ll F16 = AF13 + u F15 • The free energy change 
for the reverse of reaction 15 in this case represents the 
partial molar free energy of solution of thorium with liquid 
thorium as the reference state. A~ equilibrium (), F16 is 
zero, therefore fl 'F15 = - fl:F~3 and the activity coefficient 
is given by the relation 
'{ 1 8700 loglO Th = - loglO NTh - . T . + 7· 16 • (17) 
Substituting the experimentally determined expression for 
log10 NTh gives 
vL _ -4091 4 log10 o Th - . T . + ·336 • (18) 
Thus equation 18 can be used to approximate the activity 
coefficient of thorium in the solution relative ·to supercooled 
liquid thorium. Several of thes e values have been calculated 
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and are listed in Table 4. It is apparent from the calculated 
activity coefficient that the solution does not exhibit the 
characteristics of an ideal solution. 
A knowledge of the activity coefficient for t~orium rela-
tive to solid or liquid thorium is helpful in predicting 
whether a specific reaction may take place. For exampleJ it 
is now possible to calculate the amount of thorium which can 
be taken up by magnesium heated in contact with thoria. 
Actual calculations show that at 727°C the equilibrium content 
of thorium in magnesium is 0.61 wt. %. 
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VI. SUGGESTIONS FOR FUTURE vWRK 
From the experimental data it was shown that the concen-
tration of thorium in the liquid phase decreased as the re-
action temperature was lowered. Thus an interesting aspect 
of the problem, which might prove fruitful, would be to in-
vestigate the possibilities of finding a lower melting ternary 
eutectic by adding other metals to the solution. This would 
permit the reaction to be carried out at a lower temperature, 
which might increase the amount of thorium precipitated. 
It would also be interesting to measure the activities 
of thorium in magnesium solutions as a function of composi-
tion at constant temperature. Experimentally this could be 
done by measuring the concentration of thorium in a thorium-
magnesium solution, which was equilibrated with hydrogen gas 
at different pressures at a constant temperature. The data 
obtained by carrying out the reaction over a temperature 
range would make it possible to make other useful calcula-
tion~ such as the partial molar heat of solution for thorium. 
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